Highlights d A human subject with DSPD with a variation in CRY1 has altered circadian rhythms 
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patkea@rockefeller.edu (A.P.), young@mail.rockefeller.edu (M.W.Y.) In Brief A variation in the human circadian clock gene CRY1 is associated with a familial form of delayed sleep phase disorder, providing genetic underpinnings for ''night owls.''
INTRODUCTION
The circadian clock is an internal self-sustained oscillator that operates in organisms' tissues and cells to align recurrent daily changes in physiology and behavior with 24-hr environmental cycles. In humans, dysfunction or misalignment of the circadian clock with environmental cues alters the timing of the sleepwake cycle, leading to a variety of circadian rhythm sleep disorders (American Academy of Sleep Medicine, 2005) . Delayed sleep phase disorder (DSPD), which is characterized by a persistent and intractable delay of sleep onset and offset times relative to the societal norm, represents the most commonly diagnosed type of circadian rhythm sleep disorder, with an estimated prevalence of 0.2%-10% in the general population (Zee et al., 2013) . The wide range of prevalence estimates reflects heterogeneity in the manifestation of the disorder as well as variation in the stringency with which clinical diagnosis criteria are applied (Sack et al., 2007; Weitzman et al., 1981) . The pathophysiology of DSPD remains obscure, with suspected causes including a differential susceptibility of an individual's circadian clock to environmental entrainment cues such as the light/dark cycle and altered properties of the oscillator itself that affect its period length (Aoki et al., 2001; Campbell and Murphy, 2007; Chang et al., 2009; Duffy et al., 2001; Micic et al., 2013) .
The circadian clock is genetically encoded and susceptible to modification by spontaneous or targeted mutation of the respective factors in animal models (Crane and Young, 2014; Lowrey and Takahashi, 2011) . In humans, rare genetic variations that shorten circadian period are linked to familial advanced sleep phase disorder (FASPD), a type of circadian rhythm sleep disorder with habitual sleep times earlier than the societal norm (Hirano et al., 2016; Toh et al., 2001; Xu et al., 2005 Xu et al., , 2007 . No comparable evidence has yet emerged for DSPD and the association of proposed genetic polymorphisms with late chronotype, and DSPD has remained controversial (Kripke et al., 2014) . Yet, many classical twin studies have found a strong hereditary component to chronotype preference in the range of 40%-50%, arguing for an important role of genetic predisposition to DSPD etiology (Barclay et al., 2010; Hur et al., 1998; Koskenvuo et al., 2007; Vink et al., 2001) . Here, we report a case of familial DSPD linked to a dominant coding variation in cryptochrome circadian clock 1 (CRY1). This association is maintained in unrelated carrier families of the CRY1 variant. The studied allele encodes a CRY1 protein with an internal deletion, affecting its function as a transcriptional inhibitor and causing lengthening of the circadian period. (A) Double-plotted home actigraphy records. Red and blue triangles indicate in-bed/out-of-bed times, respectively, according to sleep logs. Asterisks indicate Sundays. (B) In-laboratory protocol: entrainment conditions on the first 4 days with sleep-log-based, habitual sleep times on entrainment days (EN) 1 and 2 and enforced times in bed from 23:00 to 7:00 on EN3 and 4. Saliva samples for DLMO estimation were collected beginning at 18:00 on EN1 every 30 min until bedtime. From the fifth day on until the end of the study (free-run days FR1-14), subjects were kept under time-isolation conditions with instructions to sleep whenever so inclined. Polysomnographic (PSG) sleep and core body temperature were recorded continuously throughout the study. (C) Double-plotted sleep/wake behavior during the in-laboratory study. Colors denote sleep stage derived from PSG records (N1, turquoise; N2, green; N3, blue; REM red). Gray areas indicate periods of missing PSG data during log-based time in bed. On the first and last study days, gray shading marks the beginning and end of data acquisition. Arrow denotes DLMO. Asterisk denotes the beginning of the free-run. (D) Analysis of sleep rhythmicity. Circadian rhythm parameters during the free-run were analyzed by X 2 periodogram and fast Fourier transform (FFT) analysis, which yielded period and amplitude, respectively. melatonin onset (DLMO) on the second entrainment night. This was followed by 2 days of enforced time in bed from 23:00 to 7:00. At the end of the 4-day entrainment interval, the subject entered a 14-day period of time isolation during which sleep was permitted whenever so inclined (free-run).
Compared to a control subject of normal chronotype undergoing the same protocol, several circadian abnormalities were apparent in the proband: consistent with a phase delay, entrained DLMO occurred at 2:32, well after the time expected in a subject of normal chronotype (typically between 20:00 and 22:00) and closer to the time of habitual sleep onset ( Figure 1C ) (Chang et al., 2009; Molina and Burgess, 2011) . Sleep during the free-run was highly variable both in the timing and the duration of major sleep periods, consistent with at-home actigraphy and sleep-log records ( Figures 1A and 1C) . The resulting gross sleep/wake rhythm had a period of 24.5 hr with noticeably dampened amplitude ( Figure 1D ). By contrast, the 24.2-hr period length of a control subject undergoing the same protocol matches the intrinsic period length reported for normal human subjects (Czeisler et al., 1999) . Aberrant rhythmicity in the sleep behavior of TAU11 was mirrored by the pattern of core body temperature oscillations in which a long-period rhythm of 24.8 hr and diminished amplitude were even more pronounced ( Figures 2A-2C and S1). The phenotypic concordance of the different circadian measures strongly argues for the presence of an intrinsic circadian rhythm disorder in the proband.
Identification of CRY1 c.1657+3A>C as a Candidate DSPD Allele To identify the cause of circadian dysfunction in the proband, we performed candidate sequencing of genes that form the circadian clock in mammals. The core molecular clock consists of a negative-feedback loop in which the activity of the transcription factors Clock and Bmal1 (called ARNTL in humans) is repressed by the products of its target genes of the Per and Cry family, creating a cycle that takes $24 hr to complete ( Figure 3A ). In this complex process also involving regulation of post-translational modification and nuclear translocation, Cry1 is commonly recognized as the main transcriptional repressor of Clock and Bmal1 (Anand et al., 2013; Griffin et al., 1999; Kume et al., 1999; Oster et al., 2002; van der Horst et al., 1999; Vitaterna et al., 1999; Ye et al., 2014) . By contrast, the mechanism of action of the Per proteins appears to be more variable, ranging from indirect repression through recruitment of generic chromatin modifiers to in fact promoting transcriptional de-repression (Chiou et al., 2016; Duong et al., 2011; Duong and Weitz, 2014) . Our candidate gene sequencing identified an adenineto-cytosine transversion within the 5 0 splice site following exon 11 in one allele of the proband's CRY1 gene (Figures 3B and 3C) . Given usual conservation of the +3 position as a purine, this change is expected to cause splice site disruption and exon skipping (King et al., 1997) . To test for a resulting coding change, we amplified part of the CRY1 cDNA encompassing exon 11 from a primary dermal fibroblast cell line derived from the proband. Indeed, an additional product corresponding to the expected D11 size was present in the proband's sample, but not in those derived from 18 other unrelated subjects ( Figure 3D ). With a size of 72 base pairs, exon 11 skipping is predicted to cause an in-frame deletion of 24 residues in the C-terminal region of the CRY1 protein, and a matching, highermobility band was specifically detected in protein extracts from the proband cell line ( Figure 3E ).
Given the prominent role of CRY1 in the mammalian clock, we postulated that the circadian abnormalities in the proband were related to the observed modification of CRY1. To test this hypothesis, we obtained information on sleep patterns from members of the proband's family and genotyped them for presence or absence of the candidate allele. Delayed sleep behavior was found to be common among male and female family members and across several generations, consistent with an autosomaldominant inheritance pattern (Figures 4A and S2 ; Table S1 ). Presence of the CRY1 c.1657+3A>C allele segregated with delayed sleep timing, with the exception of one carrier (TAUX08), who reported a history of persistent sleep problems but was complaint free at the time of study, on an occupationally required very early routine that was purposely maintained on free days (see Table S1 for details).
In a complementary approach, we also performed an unbiased search for genetic variants co-segregating with aberrant sleep behavior in the proband kindred through whole exome sequencing of additional family members (three affected, one unaffected). Among variants with minor allele frequencies below 1%, which are common to all affected subjects, but not the unaffected, and which are predicted to affect protein coding, the candidate CRY1 allele was the only variant affecting a gene with a known or implicated role in the regulation of sleep or circadian rhythmicity (Table S2) . Also, although some additional more common clockgene variants were also present in the original proband TAU11, none of these segregated with sleep behavior in the family (see Methods Details). These results point to the CRY1 c.1657+3A>C allele as a strong candidate-genetic variant for familial DSPD.
Reverse Phenotyping of Sleep Behavior in Heterozygous and Homozygous Carriers of the CRY1 c.1657+3A>C Allele from an Unrelated Population In databases of human genetic variation, the candidate CRY1 allele has a frequency of up to 0.6% (rs184039278: minor allele frequency 0.0012 in 1000 Genomes, 0.004335 in ExAC total with 0.006537 in non-Finnish Europeans). This frequency lies within the reported range of DSPD prevalence (Zee et al., 2013) and is high enough to attempt the identification of additional carriers consenting to a characterization of their sleep behavior through a reverse-phenotyping approach (Ö zç elik and Onat, 2016) . In genomic databases of the Turkish population, we identified 28 carriers of the CRY1 c.1657+3A>C allele, including one homozygous individual. Of these, investigation of sleep behavior through questionnaires and personal interview was possible in six unrelated families totaling 70 subjects (8 homozygous carriers, 31 heterozygous carriers, 31 non-carriers) ( Figure 5 and Table S1 ). Subjects also provided a DNA sample to determine the CRY1 allele status. Aberrant sleep behavior was reported by 38 carriers, but not by their non-carrier relatives or spouses, indicating a very high penetrance of CRY1-related sleep disturbance consistent with the original proband family. In addition to late sleep times, a subset of carriers reported a pattern of fragmented sleep consisting of a brief sleep period early in the night and extended naps during the day. Fragmented sleep was particularly prevalent among those carriers for whom early rising was a necessity due to cultural or social obligations. Of note, no difference in sleep behavior was observed between heterozygous and homozygous carriers of the CRY1 allele, consistent with an autosomal-dominant mode of inheritance. The one carrier with reported conventional sleep times (DSPD-6 16-068) was subject to work-imposed strong light exposure, raising the possibility that the CRY1-mediated disposition can be modifiable given adequate environmental conditions. Nevertheless, there was a very strong association between CRY1 allele status and sleep behavior in the reverse-phenotyped families and the original proband kindred (Fisher's exact p < 0.0001, odds ratio = 1,928, 95% confidence interval 76-48,904).
CRY1 Exon 11 Deletion Affects Circadian Clock Cycling and CRY1 Molecular Function
To directly test whether the deletion of exon 11 of CRY1 affects the circadian clock, we created cell lines differing only in the interpolated from raw data shown as black dot overlay (see STAR Methods for details). Red asterisk in the DSPD proband denotes the beginning of the free-run. In the control subject, the indicated free-run start time corresponds to the time used for analysis of rhythmicity and differs from the actual free-run start time due to a preceding $12-hr gap in the temperature record. (B) Double-plotted sub-mean core body temperature. The mean temperature of the entire data series was calculated from outlier-corrected, interpolated data for each subject, and data points below the mean are plotted as black fill. (C) Analysis of core body temperature rhythmicity. Circadian rhythmicity during the free-run was analyzed by X 2 periodogram and FFT analysis to measure period and amplitude, respectively. See also Figure S1 .
expressed CRY1 form. Human full-length or CRY1 D11 variants were expressed in CRY1/2 double-deficient mouse embryonic fibroblasts (DKO MEFs) using regulatory elements previously characterized to recapitulate endogenous CRY1 oscillation (Ukai-Tadenuma et al., 2011) . As expected, CRY1 expression restored circadian cycling of a Bmal-luciferase reporter in previously arrhythmic DKO MEFs, albeit with a long period, as previously described for this experimental system ( Figure 4B ). Compared to full-length CRY1, expression of the D11 form increased circadian period by approximately half an hour, similar to the phenotype observed in the proband. The effect was not due to differences in the amounts of the ectopically expressed CRY1 forms ( Figure 4B ). In contrast to CRY1, expression of CRY2 in CRY DKO MEFs did not restore their circadian rhythmicity, consistent with previous reports , and the differential period length between the two CRY1 forms was still observed in its presence ( Figure S3A ). These results demonstrate a direct effect of CRY1 exon 11 deletion on circadian period length, which matches DSPD symptoms. The Cry1 protein consists of a conserved photolyase homology region, which mediates transcriptional repression of Clock/Bmal1, a C-terminal helix previously described as a predicted coiled coil, which interacts with Per2 and Fbxl3 in a mutually exclusive manner and a C-terminal extension also referred to as the ''tail'' (Figures 3B and S3B) (Chaves et al., 2011; Merbitz-Zahradnik and Wolf, 2015) . The Cry1 tail region represents the most poorly conserved and least functionally and structurally characterized region of the protein.
It has been shown to affect Cry1 nuclear translocation, to interact with the Bmal1 transactivation domain possibly in an acetylationdependent fashion, and to be phosphorylated in a manner that involves regulation by DNA-PK (Chaves et al., 2006; Czarna et al., 2011; Gao et al., 2013; Hirayama et al., 2007; Xu et al., 2015) . Interestingly, the tail is not essential to Cry1's ability to restore circadian cycling to arrhythmic DKO MEFs but does modulate the period length and amplitude of the resulting oscillation Li et al., 2016) . Overall, current evidence points to a regulatory role of the Cry1 tail in the transcriptional repression complex involving Clock, Bmal1, and possibly other factors at various stages of the circadian cycle. Deletion of exon 11 results in the removal of 24 residues from the CRY1 C-terminal tail. In accordance with previous functional characterizations of the Cry1 protein regions, we did not observe a difference in the capacity of CRY1 D11 to inhibit Clock/Bmal1-dependent transcription of an E-box-driven luciferase reporter plasmid in heterologous cell-based assays, which do not require the Cry1 tail (Chaves et al., 2006; Khan et al., 2012) (Figures S3C and S3D) . Further, although some modifications within the tail region can affect the half-life of the Cry1 protein under certain conditions (Gao et al., 2013) , we did not observe gross differences in the stability of CRY1 D11 versus the full-length form in the subject's primary fibroblasts ( Figure S3E ), and luciferase fusion proteins with the respective CRY1 forms decayed at a similar rate ( Figure S3F) .
The existence of a nuclear localization signal in the Cry1 tail, albeit C-terminal to the exon 11 region, prompted us to assess (Roenneberg et al., 2003) . See also Table S1 for details. (B) Deletion of CRY1 exon 11 affects circadian period length. CRY1 fl or D11 cDNAs were expressed in Bmal1-luc DKO MEFs using a lentiviral expression system that preserved the regulatory elements necessary to recapitulate endogenous CRY1 expression. Cells were synchronized with 20 mM forskolin, and bioluminescence output was recorded for $7 days. Traces show average detrended bioluminescence counts normalized to the first peak for each genotype (CRY1 fl blue, CRY1 D11 red). Period was calculated from bioluminescence recordings of quadruplicate samples from quadruplicate CRY1 infections (circles, fl 1-4; diamonds, D 1-4). Data from three independent experiments are shown (gray shading). Mean periods from each infection (indicated by horizontal lines) were used to assess statistical significance between genotypes. The overall mean period was 31.6 hr for full-length CRY1 and 32.1 hr for D11 CRY1. Steady-state CRY1 levels for infections 1-4 from each experiment were measured by western blot with Tubulin shown as loading control. See also Figures S2 and S3 and Table S1 . the subcellular distribution of the different CRY1 forms. Unexpectedly, deletion of exon 11 increased CRY1 abundance in the nuclear fraction of the proband's fibroblasts throughout the circadian cycle ( Figures 6A and S4A ). This increased abundance was not caused by potential additional variations in the proband's cells but represents an intrinsic property of the modified CRY1 protein, as enhanced CRY1 D11 nuclear localization was also observed in DKO MEFs engineered to express both CRY1 forms (CRY1 fl/D MEFs) ( Figures 6B and S4B ).
CRY1 D11 Shows Enhanced Interactions with Clock and Bmal1 Proteins
Preferential nuclear localization of CRY1 D11 led us to assess its binding to its target transcription factors Clock and Bmal1. Although both CRY1 forms present in the subject's fibroblasts were found to be capable of interaction, the fraction of CRY1 immunoprecipitating with ARNTL or Clock was enriched for the D11 form ( Figures 6C and S4C ). This is not solely a reflection of differential subcellular distribution as ARNTL or Clock immunoprecipitated from purified nuclear extracts still bound more D11 than full-length CRY1. Enhanced interaction with the CRY1 D11 form was replicated in CRY1 fl/D MEFs independent of circadian phase ( Figures 6D and S4D ). Interestingly, although exon 11 partially overlaps with a region in the Cry1 tail that has been identified as a binding site for the Bmal1 transactivation domain acetylated at lysine 538, we still observed preferential binding of CRY1 D11 to acetylated Bmal1. We also consistently detected higher overall levels of acetyl-Bmal1 in control DKO (Table S1) probably affected (Table S1) # sleep schedule adaptation to spouse current or former shift worker unknown illness/medication 5 am prayer * uninterpretable (Table S1) A-F) Sleep behavior in families DSPD-4, -6, -14, -1, -9, and -7 assessed through sleep and chronotype questionnaires and personal interview. Genotype is shown inside symbols. Numbers represent mid-sleep point on free days (MSF) (Roenneberg et al., 2003) . See also Table S1 for details.
(G) Legend for colors and symbols used in (A-F) .
(H) MSF from subjects in (A-F) as well as Figure 4A are plotted on a discontinuous clock face from 22:00 to 9:00 for carriers (left, red) and non-carriers (right, black).
No subject data fell within the gap time (9:00 to 22:00) not represented in the plot. 
(legend continued on next page)
MEFs, which only received empty vector and remained devoid of cryptochromes, potentially indicating a more complex role of Bmal1 acetylation than currently suggested. Selective expression of either the full-length or the CRY1 D11 form in DKO MEFs allowed us to assess CRY1 binding to its interaction partners in reciprocal immunoprecipitations of the respective CRY1 form. Consistent with our other findings, more Clock, acetyl-Bmal1, and total Bmal1 immunoprecipitated with CRY1 D11 than with the full-length protein ( Figures 6E and S4E ). At the same time, the levels of CRY1-associated Per2 remained similar between the two CRY1 forms, suggesting the presence of separate CRY1-containing protein complexes with differential susceptibility to exon 11 deletion. Together, these results demonstrate that, rather than disabling CRY1, deletion of exon 11 enhances its presence in the nucleus and the binding to its target transcription factors, properties that are expected to promote its function as a transcriptional inhibitor.
CRY1 D11 Strengthens Transcriptional Inhibition
To directly test whether CRY1 D11 acts as a more potent transcriptional inhibitor during the intact clock cycle, we compared the expression of selected target genes in our engineered cell lines expressing either full length or CRY1 D11. As expected, cyclic CRY1 expression restored the circadian oscillation of pre-Bmal1, pre-Per2, pre-Per1, and pre-Dbp mRNAs with a long-period rhythm, although the sampling interval impeded an accurate determination of period length, as previously achieved by the high-resolution luciferase assay ( Figure 6F ). Compared to CRY1 full-length cells, the levels of pre-Per2, pre-Per1, and pre-Dbp mRNAs were reduced in CRY1 D11 cells, demonstrating stronger repression of Clock/Bmal1-mediated transcription by CRY1 D11 consistent with its other properties. In contrast, expression of pre-Bmal1, which is controlled by a different set of regulatory elements (Preitner et al., 2002; Ueda et al., 2002) , remained unaffected by the CRY1 modification, as did the levels of a non-circadian control gene. Given enhanced association with the target transcription factors as well as reduced expression of the relevant transcripts, we wondered whether exon 11 deletion affected CRY1 occupancy at its target gene promoters. In the circadian transcriptional feedback loop, repression can occur by blocking of the DNA-bound transcription factors or by their displacement and sequestration away from DNA (Menet et al., 2010) . Cry1-dependent inhibition of gene expression has been shown to involve both of these modes (Ye et al., 2014) . Using our cell lines engineered to selectively express full length or CRY1 D11, we measured the binding of CRY1, Bmal1, and Clock to target regions in the Per2 and Dbp promoters by chromatin immunoprecipitation ( Figures 7A-B) . At the time of high Bmal1/low Per2 expression, reduced promoter association of CRY1, Bmal1, and Clock was observed in cells expressing CRY1 D11 compared to the full-length form, while the association of the control histone 3 trimethylated at lysine 4 (H3K4me3) remained unaltered. As expected, in control reactions measuring a noncircadian promoter, only H3K4me3 binding was observed while the amounts of CRY1, Bmal1, and Clock were at or near the background levels of the assay ( Figure 7C ). These results demonstrate that CRY1 exon 11 deletion specifically reduces the presence of clock gene proteins at target gene promoters, consistent with Cry1-mediated transcriptional regulation through displacement of Clock and Bmal1.
DISCUSSION
As the major transcriptional inhibitor in the negative feedback loop that constitutes the core molecular clock, Cry1 represents a critical regulator of circadian period length. In general, there is a positive correlation between the amount of Cry1 and period length, although exceptions to this rule can occur upon manipulation of selected protein regions Godinho et al., 2007; Hirota et al., 2012; Ode et al., 2016; Oshima et al., 2015; Siepka et al., 2007; van der Horst et al., 1999; Vitaterna et al., 1999; Zhang et al., 2009 ). Moreover, period length has been shown to correlate with the affinity of Cry1 to Bmal1 (Xu et al., 2015) .
Our results show that the CRY1 DSPD allele represents a gainof-function mutation with deletion of exon 11 leading to increased CRY1 nuclear localization, enhanced interaction with the transcription factors Clock and Bmal1, their displacement from chromatin, and heightened inhibition of their target genes ( Figure S5 ). Expression of this more potent CRY1 form (CRY1 D11) is associated with a lengthened period of molecular circadian rhythms in cells. A human carrier of CRY1 D11 studied in temporal isolation displayed corresponding, long-period behavioral and body-temperature rhythms with diminished amplitudes. These phenotypic changes are consistent with the established positive correlation of period length with CRY1 availability and affinity to its target transcription factors, thus providing a mechanistic explanation for the development of DSPD in carriers of the CRY1 D11 allele.
The stronger inhibitory function of the CRY1 D11 variant is only observed in the context of an intact clock cycle, raising interesting questions regarding the mechanism by which the CRY1 protein tail influences Clock/Bmal1 transcriptional activity. While currently available structural characterizations of the mammalian cryptochrome proteins have been insightful regarding their binding to Per2 and Fbxl3, the interaction with their target transcription factors has yet to be visualized, and none of the structures includes the Cry1 tail region (Merbitz-Zahradnik and Wolf, 2015) . It is conceivable that the tail could affect transcription factor/repressor interaction through regulated binding to the CRY1 photolyase homology region or Clock/Bmal1, causing conformational changes to the complex. Such an event could be temporally controlled through recruitment or loss of additional complex components, through inducible post-translational modification of any of the proteins, or through changes to the CRY1 protein such as its redox state or the presence of cofactors, including flavin adenine dinucleotide or zinc ions. While (F) Levels of CRY1, were assessed by real-time quantitative RT-PCR in synchronized CRY1 fl (blue) or D11 (red) MEFs. Graphs show mean expression levels from five independent experiments, with the shaded area indicating the standard error. Statistically significant differences in gene expression between genotypes are indicated. n.s., not significant. See also Figure S4 . dispensable for basic repression, the CRY1 tail could thus exert the capacity to modulate transcriptional inhibition at defined stages of the circadian cycle.
In our analyses of cellular circadian rhythms, the CRY1 D11 allele consistently lengthened the period of molecular oscillations by approximately half an hour. Earlier work has demonstrated a strong relationship between circadian period, entrained phase, and sleep timing in humans, such that moderate changes in period are associated with much larger shifts in the relative phases of bedtime and the evening increase in serum melatonin (Gronfier et al., 2007; Wright et al., 2005) . Accordingly, a halfhour change in the period of the human circadian clock is expected to change the relationship of sleep timing and evening melatonin onset (DLMO) by $2-2.5 hr. These predictions agree well with the behavioral and physiological findings we have presented.
Databases of human genetic variation report a frequency between 0.1% and 0.6% for the CRY1 c.1657+3A>C allele, such that up to 1 in 75 members of certain populations could carry the dominant CRY1 variant. Our analyses of the original proband family as well as a large number of subjects from unrelated families of completely different ethnicity show that both homo-and heterozygous CRY1 c.1657+3A>C carrier status is strongly associated with late sleep times and sleep fragmentation. Possibly, the latter behavior may be a manifestation of carrier allele status under environmental conditions that do not accommodate late sleep times, as can often be the case due to cultural, social, or professional obligations. Alternatively, inter-individual differences in genetic background or exposure to environmental entrainment signals may affect the nature and penetrance of sleep disturbances in CRY1 D11 allele carriers, and similar phenomena have been observed in both human and animal studies of circadian rhythmicity (Azzi et al., 2014; Pittendrigh and Daan, 1976; Shimomura et al., 2013; Toh et al., 2001) . The CRY1 D11 variant may thus lead to a broader range of sleep-disorder phenotypes with delay being the most common manifestation.
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CONTACT FOR REAGENT AND RESOURCE SHARING
For reagents generated in this study or any other questions about the reagents please contact the Lead Contact Michael W. Young (young@rockefeller.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS Human Studies
Human subject research was approved by Institutional Review Boards at Weill Cornell Medical College (WCMC protocol 0609008750) and The Rockefeller University (RU protocol APA-0777) and the ethics committee at Bilkent University. Subjects' written informed consent was obtained prior to any study procedures. Subject details can be found in Table S1 .
Subject Screening for Human In-Laboratory Study
Sleep behavior was assessed through sleep interview, sleep and chronotype questionnaires and at-home actigraphy (Actiwatch-L, Philips Respironics) combined with a sleep log prior to arrival at the laboratory. Eligibility required habitual bedtimes between 22:30 -00:30 with habitual waketimes between 06:00 -09:00 for controls and habitual bedtimes later than 02:00 with habitual waketimes later than 10:00 for DSPD subjects. Subjects were confirmed to be in good physical and mental health at the time of study participation based on physical exam, urine toxicology screen, structured diagnostic interview (SCID-R) and Hamilton Depression Rating Scale.
Data Collection for Human In-Laboratory Study
Subjects resided in a research studio apartment, which was located within the WCMC Laboratory of Human Chronobiology and shielded from all cues to time-of-day. Closed-circuit TV allowed for observation of subjects and communication was possible through an intercom system. Laboratory personnel also intermittently entered the research apartment for in-person interaction as necessary.
Illumination was limited to a maximum of 100 lux with average values between 30 and 50 lux, except during sample collection for salivary DLMO when maximum illumination at the eye level when subjects were seated was set to 16 lux. Continuous electroencephalogram (EEG), electrooculogram (EOG) and electromyogram (EMG) were recorded using a portable polysomnography (PSG) system (Aura PSG Lite, Grass Technologies, Natus Neurology, West Warwick, RI) and a PSG electrode montage consisting of 6 referential EEG derivations referenced to linked mastoids. Core body temperature was recorded in 1 min intervals using ingestible telemetric temperature sensors with an external wireless data receiver (VitalSense, Philips Respironics). Saliva samples for DLMO determination were collected in 30 min intervals on the evening leading up to the second entrainment night starting at 18:00 until bedtime. Subjects were instructed to sit quietly and refrain from eating or drinking prior to each sample collection. Samples were collected using Salivette tubes (ALPCO Diagnostics, Windham NH) and stored frozen until analysis by the Yerkes Endocrine Assay Laboratory of Emory University using the Bü hlmann Direct Saliva Melatonin Radio Immunoassay kit (ALPCO Diagnostics, Windham NH). A fixed threshold of 3 pg/ml was used for DLMO estimation (Benloucif et al., 2008) .
Proband Family Study
Sleep behavior was assessed by sleep and chronotype questionnaires and sleep interview (in-person or via phone). Select subjects also complied with a request to maintain a sleep log for 14 days (see Figure S2 ). Genomic DNA was isolated from saliva (Oragene DNA Self-Collection kit, DNA genotek) and, additionally for select subjects, whole blood (BD Vacutainer K2 EDTA) using the Gentra Puregene Blood Kit (QIAGEN).
Reverse Phenotyping of additional CRY1 c.1657+3A>C Carrier Families
Carriers of the CRY1 c.1657+3A>C allele were identified from an in-house exome database of families with metabolic and neurodegenerative phenotypes at Bilkent University and from databases maintained by the University and Scientific and Technological Research Council of Turkey, Advanced Genomics and Bioinformatics Research Center (TÜ B _ ITAK-IGBAM, http://www.igbam. bilgem.tubitak.gov.tr/en/index.html). Neither of these databases is publicly accessible. Requests for materials, data, and further information should be addressed to Tayfun Ozcelik (tozcelik@bilkent.edu.tr, see also Data And Software Availability). Ethics and consent procedures for subjects in these databases allow for re-contact. Upon outreach from Bilkent University investigators, subjects in seven families (DSPD-1, À2, À4, À6, À7, À9 and À14) consented to characterization of their sleep behavior and donation of a DNA sample for genotyping. Habitual sleep times were determined from questionnaires and factors that could potentially confound sleep characterization were assessed through interview (in-person or via phone). The latter included any relevant comorbidities and medications as well as environmental factors such as current or former shift work, religious observances (5 am prayer) and family circumstances (influence of spouse on bed and wake times, number of young children, pregnancy). One family DSPD-2 was excluded from further analysis after data collection because of complete co-segregation of aberrant sleep in carriers with morbid obesity and obstructive sleep apnea. For the remaining families, subjects were classified into the following categories: affected late, affected fragmented, probably affected, probably not affected, not affected or uninterpretable. Factors that contributed to the classification of each subject are listed in Table S1 . For the statistical analysis of the association of sleep behavior with CRY1 allele status, the first three categories were combined as 'affected' and the third and fourth category were combined as 'unaffected'. P value from Fisher's exact test, odds ratio and 95% confidence interval were calculated in Prism 5 (GraphPad Software). Note: The term carrier is used in this work in reference to individuals who carry one or two copies of the dominant CRY1 c.1657+3A>C allele, analogous to common practice in clinical settings for disease-linked dominant genetic variants. This nomenclature should not to be confused with the classical genetic definition of a carrier as an individual carrying a recessive allele who is unaffected by the trait.
Derivation of Human Dermal Fibroblast Cell Lines
A 4 mm full thickness skin punch biopsy was taken from a subject's thigh under local anesthesia and immediately transferred to a vial containing sterile storage medium (DMEM with 50% fetal bovine serum (FBS)). Tissue processing for establishment of dermal fibroblast cell lines was performed within the next several hours using the following procedure modified from Brown et al. (Brown et al., 2005) . Briefly, samples were digested overnight in primary culture medium (DMEM containing 20% FBS, antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin (GIBCO, Life Technologies)), 2.5 mg/ml Amphotericin B (Sigma)) supplemented with 100 mg/ml Collagenase Type I (GIBCO, Life Technologies) and 100 mg/ml Dispase (GIBCO, Life Technologies). Cells were cultured in primary culture medium until the first passage when the FBS concentration was reduced to 10% and Amphotericin B was omitted from the culture medium.
Cell Lines and Tissue Culture
Primary dermal fibroblast cell lines were derived from a subject's skin punch biopsy as described above. 293T cells were obtained from ATCC. Cry1/2 double knockout mouse embryonic fibroblasts (DKO MEFs) have been described (Ukai-Tadenuma et al., 2011) . Cells were maintained in standard culture medium DMEM (Invitrogen, Life Technologies) with antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin (GIBCO, Life Technologies)) and fetal bovine serum (10% FBS for dermal fibroblasts and 293T cells, 2% FBS for DKO MEFs). For clock synchronization, cells were treated with 20 mM forskolin (Sigma) in culture medium for 1.5 hr. Lentivirus was prepared by transient transfection of 293T cells with second generation lentiviral vectors using standard calcium phosphate transfection methods. Filtered, unconcentrated supernatant with 8 mg/ml polybrene (Millipore) was used for transduction. Selection antibiotic (10 mg/ml blasticidin or 2.5 mg/ml puromycin, both Invivogen) was added to cell culture medium three days posttransduction.
METHOD DETAILS
Candidate Gene Sequencing cDNAs for the below listed clock genes were cloned from total RNA isolated from the proband TAU11 dermal fibroblast cell line and sequenced by Sanger sequencing. In addition to the CRY1 c.1657+3A>C variant, the following coding variations were identified (variants are listed with dbSNP identifier and alternate allele frequency):
The presence of additional polymorphisms is not unexpected given the large degree of variation commonly found in some human clock genes (Ciarleglio et al., 2008; Hawkins et al., 2008) . The PER1 polymorphisms were not considered likely DPSD alleles based on high allele frequency and their presence in control subjects of normal chronotype. Regarding the PER2 variant, the arginine to cysteine amino acid change appears to constitute a reversion to the ancestral allele based on the fact that this position encodes a cysteine in both human PER1 and PER3 as well as in many vertebrate members of the Per2 family with the exception of placental mammals. Although a functional effect of this amino acid change is thus unlikely, we assessed its segregation with aberrant sleep in the proband kindred. Based on absence of the PER2 allele in the proband's affected mother TAUX01 and nieces TAUX08 and TAUX10, the variant was disregarded as a potential DSPD allele. Although several coding variations in PER3 have been associated with late chronotype and DPSD behavior (Archer et al., 2003; Ebisawa et al., 2001; Hida et al., 2014) , subsequent studies have often struggled to reproduce these findings, possibly due to limited sample and effect sizes or population-specific correlations in the original studies (Kripke et al., 2014; Osland et al., 2011; Pereira et al., 2005) . Among the proposed PER3 polymorphisms, the Val639Gly allele was detected in the TAU11 proband as well as several of our other subjects (both DSPD and normal chronotype controls). Although the fact that this allele is not uncommon in normal controls argues against a causal role of the variant in delayed sleep behavior, we assessed its segregation with aberrant sleep patterns in the proband kindred. We found the alternate allele to be very common in both heterozygous and homozygous forms throughout the family albeit with poor behavioral correlation (e.g., unaffected cousin TAUX04 is homozygous carrier, whereas affected niece TAUX10 lacks alternate Gly allele). Although it remains possible that the presence of this allele may influence chronotype preference in conjunction with additional genetic or environmental factors yet to be characterized, these results do not support a causal role of this variant in sleep behavior in the proband kindred.
Whole Exome Sequencing
Genomic DNA was isolated from the proband fibroblast cell line or whole blood samples from subjects TAUX01-04 using the Gentra Puregene Blood Kit (QIAGEN). Whole exome sequencing (WES) was performed by the New York Genome Center as follows: Exome capture was performed using Agilent SureSelect Human All Exon V4 capture kit. 100 bp paired-end sequencing was done on Illumina HiSeq 2500. Sequences were aligned to human genome build GRCh37 using BWA (Burrows-Wheeler Aligner) . Duplicate reads were marked using Picard (http://picard.sourceforge.net). GATK (Genome Analysis Toolkit) was used for base quality score recalibration (BQSR) and local realignment around indels to refine alignment artifacts around putative insertions or deletions. Variant discovery was performed in two steps -variant calling with GATK HaplotypeCaller followed by joint genotyping using GATK GenotypeGVCFs. The resulting variant call set was refined using Variant Quality Score Recalibration (VQSR) as implemented in GATK VariantRecalibrator. The VQSR scores were used to define low quality variants for downstream processing. SnpEff and VCFtools (Danecek et al., 2011) were used to add variant effect predictions and functional annotations.
WES of the proband TAU11 confirmed all previously identified variants, but did not identify any additional coding variations in the above studied clock genes or additional candidate genes CSNK1E, ARNTL2, FBXL3, FBXL21, BHLHE40, BHLHE41, NR1D1 and RORA. A single coding variation was detected in TIMELESS c.2492G>A (p.Arg831Gln), which was not considered further based on high allele frequency in the general population (AF 0.4988, rs774047). WES of four affected family members (TAU11, TAUX01, TAUX02, TAUX03) and one unaffected family member (TAUX4) of the proband's family was carried out in order to identify all potentially functional genetic variants co-segregating with the sleep phenotype. Variants were annotated, then filtered as follows: (1) to include only variants with minor allele frequencies < 0.01 in the 1000 Genomes combined population using Ensembl Variant Effect Predictor (McLaren et al., 2016) or in the ExAC total population (Lek et al., 2016) ; (2) to include only variants at a site with gerp score > 2.0 or a nonsynonymous change with PolyPhen score > 0.40 (PolyPhen-2 v2.2.2r398); and (3) to include only variants shared by all affected family members and not present in the unaffected family member. Among the remaining variants (Table S2) , the CRY1 c.1657+3A>C allele was the only variant affecting a gene with a known or implicated role in the regulation of sleep or circadian rhythmicity.
Of the additional clock gene coding variations found in the proband TAU11 (see above), none segregated with sleep behavior in the additional exome-sequenced subjects: CRY1 c.1657+3A>C Genotyping For CRY1 genotyping, a 623 base pair fragment of the genomic locus containing exon 11 was PCR amplified using oligos hCry1i10F and hCry1i12R (Table S3 ). The product was either Sanger-sequenced or tested for a restriction fragment length polymorphism for Hpy188I (+ allele: no cut, variant c.1657+3A>C: 276 bp + 347 bp).
Cloning of CRY1 Constructs
Human CRY1 full-length (fl) and D11 cDNAs were PCR amplified from a first-strand cDNA library from the proband fibroblast cell line and blunt-cloned into the EcoRV-site of pBluescript. Sequences were confirmed by Sanger-sequencing. Aside from the 72 base pairs missing in D11, sequences were identical to Refseq human CRY1 (GenBank: NM_004075.4) with the exception of a common silent variant c.636T>C (p.Gly212=, rs8192440, AF 1-0.2103) present in both CRY1 forms. ORFs were subcloned in frame into a modified pcDNA3.1 vector (Invitrogen, Life Technologies) containing an N-terminal triple-HA tag using EcoRV/NotI restriction sites. For lentiviral expression, CRY1 fl and D11 were PCR-amplified and first subcloned into pMU2-P(Cry1)-(Cry1 intron336)-Cry1 (Ukai-Tadenuma et al., 2011) from which the mCry1 cDNA had been excised using XbaI/NotI restriction sites, yielding pMU2-hCry1fl and D11. The mCry1 expression cassette of pMU2-P(Cry1)-(Cry1 intron336)-Cry1, including promoter, intronic sequence and mCry1 cDNA was transferred into a modified pLenti6 vector (Invitrogen, Life Technologies), in which the blasticidin resistence cassette had been replaced with puromycin using SalI/MluI restriction sites, yielding pLV6puro-mCry1. To generate pLV6puro-hCry1fl and D11, mCry1 in pLV6puro-mCry1 was replaced with CRY1 cDNAs amplified from pMU2-hCry1 constructs using XbaI/MluI restriction sites. To generate an 'empty vector' control containing only the Cry1 regulatory elements without cDNA, the XbaI/MluI-digested vector was blunted with T4 DNA polymerase and religated.
Real-Time Circadian Reporter Assay
Cry DKO MEFs were transduced with a lentiviral Bmal-luc reporter (Liu et al., 2008) and with lentiviral CRY1 fl or D11 (pLV6puro-hCry1fl and D11) and selected for transgene expression using appropriate selection antibiotics. Cells were plated and grown to confluence in 35 mm dishes (BD Falcon) and synchronized with 20 mg/ml forskolin (Sigma) for 1.5 hr. Medium was replaced with counting medium (phenol red-, L-glutamine-and bicarbonate-free DMEM (Cellgro), 100 U/ml penicillin and 100 mg/ml streptomycin, 2% FBS, 350 mg/l sodium bicarbonate (GIBCO), 10 mM HEPES pH 7.2 (GIBCO), 2 mM L-glutamine (GIBCO), 0.5 mM firefly D-luciferin potassium salt (Biosynth)) and dishes were sealed with high vacuum grease (Dow Corning). Bioluminescence was recorded for approximately seven days in a Lumicycle luminometer (Actimetrics) with counts collected in 10 min intervals for each dish. The first $20 hr of recorded data were excluded from analysis. Period analysis was performed by fitting a damped sine curve to time series data detrended by subtracting a running average using Lumicycle analysis software (Actimetrics). Goodness-of-fit values for curve fitting were routinely above 90%. Statistical significance between genotypes was assessed using an unpaired t test.
Preparation of Protein Extracts, Immunoprecipitation, and Western Blot
For subcellular fractionation, cells were first lysed in buffer 1 containing 320 mM sucrose, 10 mM Tris-HCl pH 8.0, 3 mM CaCl 2 , 2 mM Mg Acetate, 0.1 mM EDTA, 0.05% Triton X-100 and freshly added 1 mM DTT, protease inhibitor cocktail (Sigma) and phosphatase TAUX01 (affected) TAUX02 ( inhibitor cocktails (Sigma). Nuclei were collected by centrifugation and the supernatant saved as the cytoplasmic fraction. Nuclei were washed in buffer 2 (buffer 1 lacking detergent) and lysed as follows: Nuclear extracts for Western Blot were prepared in buffer 3 (500 mM NaCl, 50 mM Tris-HCl pH 8.0, 10% glycerol, 1% NP-40 and freshly added 1 mM DTT, protease inhibitor cocktail (Sigma) and phosphatase inhibitor cocktails (Sigma)), sonicated and cleared from debris by high-speed centrifugation. For IP, nuclei were lysed in buffer 4 (450 mM NaCl, 20 mM HEPES pH 7.5, 1 mM MgCl 2 , 0.5 mM EDTA, 0.5 mM EGTA, 10% glycerol, 0.3% Triton X-100 and freshly added 1 mM DTT, protease inhibitor cocktail (Sigma) and phosphatase inhibitor cocktails (Sigma)), and cleared from debris by high-speed centrifugation. Buffer 4 without the preceding fractionation steps was also used for preparation of whole cell lysates. Prior to IP, salt and detergent concentrations in whole cell and nuclear extracts were adjusted to 150 mM NaCl and 0.1% Triton X-100, respectively. Lysates were pre-cleared with GammaBind G Sepharose (GE Healthcare) and incubated with primary antibody against Cry1, Bmal1, Clock (all rabbit polyclonal, Bethyl Laboratories) or K538 Acetyl-Bmal1 (rabbit polyclonal, Millipore). Rabbit polyclonal anti-Nfx1 antibody (Bethyl Laboratories) was used as isotype negative control. Immune complexes were precipitated with GammaBind G Sepharose (GE Healthcare), washed in buffer 5 (as IP buffer except with a higher detergent concentration of 0.3% Triton X-100) and analyzed by SDS-PAGE and Western Blot. Western Blotting was performed according to standard procedures using the above described antibodies as well as anti-Per2 (rabbit polyclonal, Alpha Diagnostics) anti-TATA binding protein TBP (mouse monoclonal, Abcam) and anti-a-Tubulin (mouse monoclonal, Sigma). Note on K538 Acetyl-Bmal1 antibody: Due to differences in residue numbering between Bmal1 splice variants, K538 in the reference sequence used by the vendor (Uniprot O00327-2) corresponds to the K537 residue for which acetylation has been described (Czarna et al., 2011; Hirayama et al., 2007) . Blots were quantified using ImageJ and statistical significance was tested using paired t tests in Prism 5 (GraphPad Software).
Clock Gene Expression Analysis
Total RNA was prepared from CRY1 fl or D11 MEFs using the RNeasy mini kit with on-column DNase digestion (QIAGEN). Equal amounts of total RNA were used for first-strand cDNA synthesis using the SuperScript III First-Strand Synthesis System with random hexamer priming followed by RNase H digestion (Invitrogen, Life Technologies). Diluted first-strand cDNA was used as template in quantitative real-time PCR reactions using the LightCycler 480 SYBR Green I Master kit (Roche) and the oligos listed in Table S3 .
Triplicate reactions for each sample and primer set were run on a LightCycler 480 instrument (Roche). Samples were quantified relative to a standard curve prepared from serial dilutions of concentrated cDNA run in parallel using the second derivative maximum method in LightCycler 480 instrument software (version 1.5, Roche). Relative transcript levels were normalized to Tbp values and expressed as fold change relative to the mean of the entire data series combining both genotypes. Statistical significance in mean transcript expression levels between genotypes from five independent experiments was assessed by appropriate curve fitting and comparing the best-fit-values between datasets by extra sum-of-squares F test in Prism 5 (GraphPad Software). For curve fitting, a standard sine curve modified to allow for translation along the y axis (Y = Amplitude*sin((2*pi*X/Wavelength)+PhaseShift)+B) was used for oscillating transcripts and a horizontal line (Y = Mean) was used for the non-circadian control transcript.
Chromatin Immunoprecipitation
For dual crosslinking, cells were treated with 2 mM EGS (Thermo Scientific) for 20 min in PBS to which 1% Formaldehyde was added for another 8 min. To stop the reaction, 156.25 mM glycine was added and incubation was continued for another 10 min. Cells were washed in ice-cold PBS and lysed in cytoplasmic lysis buffer (320 mM sucrose, 10 mM Tris-HCl pH 8.0, 3 mM CaCl 2 , 2 mM Mg Acetate, 0.1 mM EDTA, 0.5% NP-40). Nuclei were collected and washed as described above and dry pellets were stored at À80 C until further use. For chromatin immunoprecipitation (ChIP), nuclei were resuspended in ChIP lysis buffer (10 mM TrisHCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.25% N-lauroylsarcosine and freshly added protease inhibitor cocktail (Sigma)) and sonicated in a Bioruptor Pico (Diagenode) for 20 30 s cycles. Sonicated lysates were cleared by high-speed centrifugation and an aliquot was removed and saved as the input sample. The remaining lysate was used undiluted for CRY1 ChIP or diluted with ChIP buffer as follows: 1:3.33 for Bmal1 and Clock ChIP and 1:5 for H3K4me3 ChIP. Lysates were precleared with Protein A/G Plus-agarose (Santa Cruz) that had been pre-blocked with 5mg/ml BSA. Pre-cleared lysates were incubated with antibody overnight at 4 C. Antibodies were as described above and Trimethyl-Histone H3 (Lys4) antibody was from Millipore. Immune complexes were collected with Protein A/G agarose beads and washed three times in ChIP lysis buffer, three times in LiCl wash buffer (20 mM Tris-HCl pH 7.5, 250 mM LiCl, 2 mM EDTA, 0.5% IGEPAL CA-630, 1% sodium deoxycholate, 1mM PMSF) and once in TE (10 mM Tris-HCl pH 8.0, 1 mM EDTA). Beads were incubated with elution buffer (20 mM Tris-HCl pH 8.0, 5 mM EDTA, 0.5% sodium dodecyl sulfate) for 30 min at 65 C under agitation. ChIP eluates and saved input samples were reverse cross-linked at 65
C overnight and treated with 1 mg RNase (Roche) for 1 hr at 37 C and 200 mg proteinase K (Roche) for 2 hr at 55 C. DNA was purified using commercial spin columns. The amount of Per2, Dbp and Lrwd1 promoter DNA in ChIP samples and 1/50-diluted input samples was measured by quantitative real-time PCR as above using the oligos listed in Table S3 . Triplicate reactions for each sample and primer set were run on a LightCycler 480 instrument (Roche) and quantified relative to a standard curve prepared from serial dilutions of input DNA run in parallel. PCR results were adjusted for any applicable prior dilutions and results from ChIP samples were normalized to the result of the respective input sample. For comparison between genotypes, results are expressed as fold change in the CRY1 D11 sample compared to the CRY1 full-length sample, which was set to 1. that a variant in a previously uncharacterized gene could be causal for the sleep phenotype, we decided first to carry out experimental characterization of the CRY1 variant.
Cellular Period Analysis
Period analysis was performed by fitting a damped sine curve to time series data detrended by subtracting a running average using Lumicycle analysis software (Actimetrics). Goodness-of-fit values for curve fitting were routinely above 90%. Statistical significance between genotypes was assessed using an unpaired t test.
Association between CRY1 c.1657+3A>C Genotype and Sleep Behavior Subjects were classified into the following behavioral categories: affected late, affected fragmented, probably affected, probably not affected, not affected or uninterpretable. Factors that contributed to the classification of each subject are listed in Table S1 . For the statistical analysis of the association between sleep behavior and CRY1 allele status, the first three categories were combined as 'affected' and the third and fourth category were combined as 'unaffected'. Subjects deemed 'uninterpretable' were excluded from the analysis. Total subject numbers for the individual categories were as follows: P value from Fisher's exact test, odds ratio and 95% confidence interval were calculated in Prism 5 (GraphPad Software).
Analysis of Western Blot Data
Blots were quantified using ImageJ and statistical significance was tested using paired t tests in Prism 5 (GraphPad Software).
Analysis of Clock Gene Expression Data
Triplicate PCR reactions for each sample and primer set were run on a LightCycler 480 instrument (Roche). Samples were quantified relative to a standard curve prepared from serial dilutions of concentrated cDNA run in parallel using the second derivative maximum method in LightCycler 480 instrument software (version 1.5, Roche). Relative mRNA levels were normalized to Tbp values and expressed as fold change relative to the mean of the entire data series combining both genotypes. Statistical significance in mean transcript expression levels between genotypes from five independent experiments was assessed by appropriate curve fitting and comparing the best-fit-values between datasets by extra sum-of-squares F test in Prism 5 (GraphPad Software). For curve fitting, a standard sine curve modified to allow for translation along the y axis (Y = Amplitude*sin((2*pi*X/Wavelength)+PhaseShift)+B) was used for oscillating transcripts and a horizontal line (Y = Mean) was used for the non-circadian control transcript.
Analysis of ChIP Data
Triplicate PCR reactions for each sample and primer set were run on a LightCycler 480 instrument (Roche) and quantified relative to a standard curve prepared from serial dilutions of input DNA run in parallel. PCR results were adjusted for any applicable prior dilutions (see Method Details) and results from ChIP samples were normalized to the result of the corresponding input sample. For comparison between genotypes, results are expressed as fold change in the CRY1 D11 sample compared to the CRY1 full-length sample, which was set to 1. Average results from three independent experiments are shown.
DATA AND SOFTWARE AVAILABILITY
Further information and requests for raw data, analysis details, and DNA samples may be directed to and fulfilled in compliance with IRB protocol requirements by Lead Contact Michael W. Young (young@rockefeller.edu), or for Turkish subjects by Tayfun Ozcelik (tozcelik@bilkent.edu.tr). Whole exome sequencing data are not deposited in a public repository because the genetic sharing plans of the IRB approved consent forms used in this study do not permit the deposition of such data into public or controlled-access databases. 
Supplemental Figures
Control Subject TAU18 DSPD Subject TAU11 Figure S1 . Core Body Temperature Rhythms of Control Subject TAU18 and the Proband TAU11, Related to Figure 2 Overlay of raw core body temperature readings (black dots) with outlier-corrected, interpolated data (red line). Sequential study days from entrainment day 1 (E1) to the final free-run day (F15) are plotted on the x axis. White triangles indicate replacement of the ingestible temperature sensor. Table S1 Red and blue triangles indicate in-bed/out-of-bed times, respectively. Black bars represent the self-estimated time asleep. Asterisks indicate Sundays. Upon completion of sleep log 1, subjects TAUX01 and TAUX02 disclosed a necessity for early rising during the recorded period for reasons unrelated to the study and indicated that data were not representative of their usual sleep-wake schedule. Subjects were therefore asked to repeat the data collection (sleep log 2). Data from sleep log 1 are shown to illustrate features of abnormal sleep timing despite early wake times.
